The adsorption chemistry of benzene and pyridine on the silicon (001) surface is characterized by two prominent adsorbate configurations: a precursor structure bonded to a single Si−Si dimer and a "tight-bridge" configuration that connects two adjacent dimers. We examine here the performance of 20 density functionals in predicting the relative stability of these two configurations. Discrepancies between the predicted and experimentally observed preferred structures highlight the importance of long-range exact-exchange terms in these adsorbate systems. These terms, however, tend to be detrimental to the prediction of adsorption and activation energies. We discuss this conundrum in terms of systematic exchange-correlation errors that scale with the number of molecule−surface bonds.
I. INTRODUCTION
The interaction of gas-phase molecules with solid surfaces plays a central role in a diverse range of technological applications that include heterogeneous catalysis, chemical vapor deposition, and molecular sensing. 1 A detailed mechanistic understanding of the relevant molecule−surface interactions is often desirable but remains formidably difficult to achieve in practice. Arguably one of the major advances in this field has been the increasing role of density functional theory (DFT) as a complement to experiment with its ability to bridge limits in experimental resolution and resolve ambiguities in interpretation. 1, 2 Conversely, a well-characterized molecule−surface reaction has considerable potential to act as a trial ground for DFT. Exchange-correlation functionals are typically parametrized and validated against large training data sets of small-molecule and bulk-crystal properties. 3, 4 The atomic geometries and interactions encountered in a molecular-surface reaction system are often unique, which probes the utility of a functional beyond the scope of the validating reference data. Moreover, imaging surfaces by scanning probe microscopy provide one of the very few means to directly observe single-molecule chemical reactions. Is a given functional able to describe what is experimentally seen? As we will show, this can be harder than it seems.
The reactions of benzene 5−30 and pyridine 31−44 with the Si(001) surface have been the subject of numerous studies, and the major adsorbate configurations are known. For benzene, the initial chemisorption structure is the 1,4-dimer-bridge, also known as the butterf ly (BF) configuration [ Figure 1 (a)], in which the molecule binds with two covalent bonds to a single Si−Si dimer. In room-temperature scanning tunneling microscopy (STM) experiments, 8, 10 this configuration is observed to transition into a two-dimer wide species, which was later ascribed to a tight-bridge (TB) configuration [ Figure 1 (b)] with four covalent bonds between the molecule and surface. A qualitative potential energy diagram describing the two-step adsorption/transition is shown in Figure 2 . Pyridine adsorption is described by the same potential diagram. The initial chemisorption structure for pyridine is the dative (DAT) configuration [ Figure 1 (c)] with a single covalent bond between the nitrogen atom of pyridine and a down-buckled silicon atom. This species is also seen to change into a twodimer TB configuration [Figure 1(d) ] at room temperature and low coverage. 36 The structure assignments for benzene and pyridine are well supported in the literature, being consistent with STM imaging, X-ray photoelectron spectroscopy (XPS), and near-edge X-ray and adsorption fine structure (NEXAFS) measurements. Density functional calculations played an important role in arriving at these assignments, providing important clues about the adsorption mechanism and the structures involved.
Closer inspection however reveals that all is not well with theory. Using the generalized-gradient approximation (GGA) of DFT, Coustel et al. 39 report for pyridine that the TB configuration is energetically less stable than the DAT configuration, which is in sharp conflict with experiment. This finding is confirmed in subsequent work by Ng, Liu, and Liu 41 and ourselves. 44 In addition, we have shown 44 that the energy difference between pyridine DAT and TB is highly dependent on which of four density functionals was used. For benzene, the situation is somewhat more subtle. GGA-DFT calculations for benzene 20 ,24,27,29,30 correctly predict the TB configuration to be more stable than BF in agreement with experiment. However, a high-level ab initio study by Jung and Gordon 19 reaches the opposite conclusion. This apparent conflict motivated a study by Kim et al. 27 into electroncorrelation and thermal effects affecting the balance of BF and TB adsorbates. Using a sophisticated correlation approach based on the random-phase approximation, they find the TB configuration to be preferred at 0 K. The inclusion of thermal free energy effects at room temperature, however, results in a change of preference in favor of the BF configuration. 27 Thus, the conflict with experiment 8, 10 persists. The efficacy of various van der Waals type corrections and their relevance to benzene on Si(001) has been explored in several works. 24, 27, 29, 30 The computational approach that we use here is highly converged in terms of distracting approximations such as cluster size, basis set size, vibrational corrections, and thermal effects. This allows us to focus on the exchange-correlation approximation and bring out its effects on the energetics of benzene and pyridine adsorption on Si(001). The specific quantities that we compute and compare with experiment are the Gibbs free energy or reaction at room temperature, Δ R G 298 K , the activation energy, E A , of the BF/DAT → TB reaction, and the adsorption energy, E ads , of the TB configuration. Our set of 20 functionals includes representatives from a wide range of classes, which include the generalizedgradient approximation (GGA), global hybrids (GHs), rangeseparated hybrids (RSHs), kinetic energy corrections, and empirical dispersion corrections. Our results provide interesting clues about the components of a functional that are required to make accurate predictions. As we will show, these requirements are very different for the calculation of reaction, adsorption, and activation energies, which explains much of the complexity in describing this adsorption system using DFT.
II. COMPUTATIONAL METHODOLOGY
II.A. Cluster Model and Methods of Energy Computation. All energy computations and structure optimizations are carried out using methods implemented in the Gaussian 09 software. 45 The silicon (001) surface is represented by a large Si 53 H 44 cluster in which the broken bonds to the extended surface are terminated using hydrogen atoms. This cluster represents four surface Si−Si dimers along a single dimer row and includes silicon atoms from the five surface-nearest atomic layers. 46 In the following we will refer to this cluster simply by its dimensions as 4D5L (four dimers, five layers). We note that the adsorbate configurations considered in this work are covalently bonded to either one dimer (DAT and BF) or two dimers (TB) in the surface center of the cluster. This means the adsorption site will be surrounded by at least one free, buckled dimer on either side. This effectively accounts for the strain effects on the adsorption energy due to dimer buckling in the surrounding free surface. 47 We use two additional clusters, namely, 2-dimer, 4-layer Si 15 H 16 (i.e., 2D4L) and 6-dimer, 6-layer Si 91 H 48 (6D6L) to assess the effects of cluster-size convergence. The 2D4L cluster is also used to provide a vibrational zero-point and thermal energy correction.
Full geometry optimizations are performed for the silicon atoms of the cluster and all atoms of the benzene or pyridine adsorbate. In contrast, the cluster-terminating hydrogen atoms are held fixed in order to emulate the strain due to the surrounding surface/bulk atoms. The positions of the terminating hydrogen atoms are determined as described in . Schematic potential energy diagram describing the reaction of benzene and pyridine with the Si(001) surface in the limit of low coverage. Indicated in blue are the three experimental quantities considered in this work, namely, the free energy of reaction, Δ R G, the activation energy, E A , and the adsorption energy of the tight-bridge configuration, E ads (TB), which is experimentally measured via the peak thermal desorption temperature. This diagram is a simplified representation that highlights the major processes as revealed in experiment. Although detailed theoretical calculations 35, 44 show that the pyridine transition is in fact a two-step process, it is represented here as a single effective barrier.
refs 48 and 49 using a periodic-boundary model of a (2 × 1) hydrogen-terminated Si(001) surface as a template (see also ref 50 for a very similar approach). In all geometry optimizations, the default convergence criteria 51 of the Gaussian 09 software are used.
The Kohn−Sham equations are solved in terms of a basis set of atom-centered Gaussian-type orbitals. Geometry optimizations and vibrational frequency calculations are carried out using what we refer to here as basis set 1 (BS1). This basis set is a standard 6-311G(d,p) triple-valence zeta-plus-polarization set applied to all atoms, with additional ++ diffuse functions placed on a subset of atoms, namely, the atoms of the adsorbate and all silicon atoms in the surface-nearest atomic layer of the cluster (i.e., the Si−Si dimers). Following geometry optimization, a single-point energy is computed using a larger basis set labeled BS2, which is composed of a standard 6-311G(2df,2pd) basis set for all atoms, also with additional ++ diffuse functions for the subset of adsorbate and dimer atoms. As we will demonstrate below using an even larger basis set (cc-pVQZ on all atoms), the BS2 basis set goes a long way toward reducing basis set effects.
With these components, the temperature-dependent free energy, G T , for a given exchange-correlation functional, xc, is calculated using the following expression
The first term, E(functional/basis set, cluster), denotes the DFT energy as obtained using the pairing of exchangecorrelation functional, basis set, and cluster model indicated in the argument. Following standard quantum chemical notation, the combination of functional and basis set is separated by a single forward slash ("/"). A double forward slash ("//") indicates that different functional/basis set pairings are used to first optimize the structure and then perform a single-point energy calculation at the optimized structure (right-and lefthand side of "//", respectively). The second term, G vib,T (functional/basis set, cluster), represents the vibrational free energy, which is computed via a harmonic frequency calculation. The argument of G vib,T again indicates the functional, basis set, and cluster model used for the frequency calculation. Note here that a smaller cluster (namely, 2D4L) is used for the G vib,T term than for the energy term (4D5L), which will be justified further below.
From the calculated set of harmonic vibrational frequencies, {ν i }, the vibrational free energy at temperature T is calculated as
At T = 0 K, this expression is reduced to the harmonic vibrational zero-point energy.
The form of G T given in eq 1 defines our "production-level" free-energy expression that we will use in the results section to test the performance of various exchange-correlation functionals with regard to three derived properties, namely, reaction free energies, adsorption energies, and activation energies.
The reaction free energy, Δ R G T , is calculated as the free energy difference between the reactant (BF for benzene and DAT for pyridine) and product (TB for both molecules). For the example of the benzene BF → TB reaction, this becomes
The reaction free energy is temperature dependent though the vibrational free energy in eq 1. For comparison with experiment, we will be using the room-temperature free energy, Δ R G 298 K .
Adsorption energies, E ads , are calculated as the free energy difference between the adsorbate attached to the surface and the separated free surface and adsorbate molecule. For the example of the TB configuration of benzene (C 6 H 6 ), this reads as follows
where G 0K (Si(001)) is the free energy of the relaxed surface cluster without an adsorbate molecule, and G 0K (C 6 H 6 ) is the free energy of the gas-phase benzene molecule. The free energies in this expression, and thus the adsorption energy, are calculated at 0 K in order to be compatible with experimental adsorption energies obtained via the Redhead equation. 82 We use the sign convention that exothermic adsorption reactions have negative adsorption energies; i.e., a more negative adsorption energy implies stronger binding between the adsorbate and the surface. With this sign convention, adsorption energies are more intuitively understood as reaction energies of adsorption. When quoting literature results for adsorption energies, we will adjust the sign to be consistent with this convention. Reference to over-and underestimations are also in reference to this sign convention, describing less negative and more negative adsorption energies, respectively.
Activation energies, E A , are calculated as the free energy difference between the transition state (TS) of a reaction and the initial (reactant) configuration. For the case of the benzene BF → TB reaction, we have
where we also make use of 0 K free energies so that the activation energy can be used with the Arrhenius equation to estimate reaction rates. The atomic structure of transition state structures is determined using the synchronous transit-guided quasi-Newton optimization method of Peng and Schlegel. 52 This method achieves a full optimization (subject to the clusterterminating constraints) to a stationary point on the potential energy surface with a single normal mode of negative curvature. II.B. Error Analysis. Before we can examine the performance of individual density functionals, we need to ensure that our results are not unduly affected by other approximations that are intrinsic to our computational approach. Apart from the density functional, the major approximations in our productionlevel free energy expression (eq 1) relate to the size of the cluster representation of the surface, the completeness of the basis set, and the description of vibrational zero-point energy and thermal effects. Here, we assess the adequacy of our cluster and basis set choices using a series of simplified "trial" free energy expressions, G̃T, that focus on a single term in eq 1 to determine the effect of these choices on reaction free energies, adsorption energies, and activation energies. Trial free energies, G̃T, and all derived properties (i.e., Δ R G̃, Eã ds , and EÃ) are marked with a tilde to indicate that these results are for testing purposes only and not for direct comparison with experiment.
Cluster Size Effects. The cluster model used in the production free energy expression eq 1 is the 4D5L cluster (Si 53 H 44 ). We assess the adequacy of this cluster using the The results as a function of cluster size are summarized in Table 1 , which reveals considerable differences between our 4D5L production-level cluster and the smaller 2D4L cluster. Reaction and adsorption energies differ by up to 0.27 and 0.13 eV, respectively, and the benzene activation energy differs by 0.44 eV. This indicates that the smaller 2D4L cluster would not be able to deliver energies that are accurate enough for our requirements. In contrast, the comparison between the 4D5L cluster and the larger 6D6L cluster is much better, with differences of 0.05 eV or less. This level of energy convergence with cluster size is adequate for our purpose and is broadly consistent with the results of a recent study 50 into Si(001) cluster and slab size effects on energetics. Hence, the 4D5L cluster is used in the energy term of our production free-energy expression (eq 1).
Basis Set Effects. The basis sets used in this work are atomcentered, and they contain only a finite number of functions. This limits the variational flexibility and can give rise to considerable errors that we need to have under control. Of particular concern here is the basis set superposition error, which leads to an artificial stabilization of structures in which atoms are in closer proximity relative to structures with atoms further apart. Applied to our case, this type of error would favor an adsorbed molecule on a surface over the separated molecule and free surface, and hence, adsorption energies would be more negative than they would be in the absence of this error. Similarly, the basis set superposition error would stabilize the more compact TB adsorbate configuration more than the more loosely bonded BF and DAT configurations. This error would result in a more negative Δ R G̃for the benzene BF → TB and pyridine DAT → TB reactions. To assess the magnitude of this effect, we test our production-level basis set (BS2) against a larger basis set (cc-pVQZ) and smaller basis set (BS1) using the following simplified free energy expressioñ
This expression is essentially the first (energy) term of our production-level free energy expression (eq 1) for the specific case of the PW91 functional and retaining the production-level 4D5L (Si 53 H 44 ) cluster. Omitted from eq 1 is only the vibrational free energy term, which will be evaluated separately below. The three basis sets tested here are applied to the singlepoint energy calculation (left-hand-side of the "//"), while the structure in all cases is geometry optimized using the BS1 basis set. This takes account of the fact that structure optimizations are less sensitive to basis set effects than energies. Reaction, adsorption, and activation energies calculated via eq 7 and three basis sets BS1, BS2, and cc-pVQZ are reported in Table 2 . In terms of polarization functions, the BS1, BS2, and cc-pVQZ sets are characterized by (d,p), (2df,2pd), and (3d2fg, 3p2df) polarization, 80 respectively, which illustrates one aspect of the progressive increase in the variational flexibility along this series. The results in Table 2 show that in comparison to the more compact BS1 basis set the BS2 results in reaction energies that differ by up to 0.08 eV for reaction free energies, 0.20 eV for adsorption energies, and 0.05 eV for the benzene activation energy. The aforementioned basis set superposition error is very apparent for the BS1 set in the significantly more negative adsorption energies relative to larger BS2 and cc-pVQZ basis sets. The effect of this error on the reaction free energies (more negative or less positive Δ R G̃) is also evident, albeit at a more moderate level.
Comparison of our production-level BS2 basis set with the larger cc-pVQZ basis set reveals very good convergence. Energy differences of up to 0.03 eV indicate that basis set errors are reduced to levels that are adequate for our purpose. The characteristic shifts in E A and Δ R G to more negative values due to basis set superposition effects are also no longer in evidence. Accordingly, the BS2 basis set is used for the energy term of our production free energy expression.
Thermal Effects. In our production free energy expression (eq 1), the G vib,T term is calculated using the smaller 2D4L cluster (Si 15 H 16 ), instead of the 4D5L cluster (Si 53 H 44 ) that is used for the energy term. The adequacy of this smaller cluster is demonstrated here using another trial free energy expression that focused purely on the vibrational free energy. For the specific case of the PW91 functional, we introducẽ (8) which will be evaluated here using the same three-cluster series as before, namely, 2D4L, 4D5L, and 6D6L. Combination of this trial free energy expression with eq 3 delivers the vibrational free energy contribution to the reaction energy, Δ R G̃T, which will be calculated here at 0 and 298 K to bring out the effects of the vibrational zero-point energy and the thermal vibrational free energy at room temperature, respectively. Also calculated is the vibrational contribution to the adsorption The Journal of Physical Chemistry C Article energy of the TB configuration for both benzene and pyridine, which uses 0 K free energies (see eq 4).
The results in Table 3 show that the vibrational free energy contributions are generally small and well converged with respect to cluster size. The small 2D4L cluster that we use in our production-level free energy expression (eq 1) delivers the vibrational contributions to within 0.02 eV of those obtained using the larger 4D5L and 6D6L clusters. This level of accuracy obtained with the 2D4L cluster is entirely sufficient for our requirements.
It is instructive at this point to briefly consider the effect of the vibrational contributions to the adsorption and reaction free energies because these contributions, while small, are not negligible. We see from Table 3 that vibrational effects at room temperature (298 K) raise the reaction free energies of benzene and pyridine by approximately +0.07 and +0.13 eV, respectively, relative to the plain reaction energies without any vibrational corrections. This implies that thermal effects at 298 K shift the free energy balance to the left, i.e., away from the TB configuration, and toward BF for benzene and DAT for pyridine. As discussed by Kim et al. 27 for benzene on Si(001), thermal free energy effects give rise to a change in thermodynamic preference above a critical temperature from the TB configuration (preferred at low temperature) to the BF configuration. Looking now at the 0 K results for Δ R G, which captures the vibrational zero-point energy, we see that the effect is small and potentially negligible at approximately +0.01 for benzene and −0.01 eV for pyridine. This is not the case for the adsorption energies, E ads , where vibrational zero-point effects are seen to be more significant, by increasing the adsorption energies by approximately 0.05 eV. Taken together, these results support the inclusion of vibrational effects in our production-level free energy expression (eq 1).
Summarizing our accuracy checks, we expect that the production-level free-energy expression (eq 1) is affected by methodological uncertainties of approximately 0.05, 0.03, and 0.02 eV due to finite cluster size, finite basis set size, and thermal effects, respectively. This in turn should give rise to a collective uncertainty of close to 0.1 eV. As we will discuss below, this level of uncertainty is comparable to the uncertainties associated with the experimental comparison values for Δ R G, E ads , and E A . Moreover, the uncertainty associated with the choice of exchange-correlation functional will be shown to be much larger. Therefore, discrepancies between our calculated values for Δ R G, E ads , and E A and the experimental comparison values primarily reflect the performance of the density functional used.
Comparisons with DFT Studies in the Literature. Another route of validating the accuracy of our computational approach is by comparison with the results of earlier DFT reports on the same reaction system. Such comparisons are not without difficulties since there are often quite significant differences in the computational approach. Not all DFT studies control for basis set and cluster size effects to the extent that we do here. In addition, thermal and zero-point corrections are often neglected. Periodic slab model approaches using plane-wave basis sets and pseudo potentials are characterized by other sources of numerical error. From the prior theory literature for benzene and pyridine on Si(001), we single out two studies 27, 41 with good control over the methodological approximations, which allows for meaningful comparisons.
Ng, Liu, and Liu 41 have studied pyridine adsorption on Si(001) using a projector-augmented wave (PAW) approach, which is a plane-wave-based method in conjunction with a large (4 × 4) surface unit cell (containing eight Si−Si dimers in two rows). This type of surface representation is large enough to minimize size effects, and the combination of plane waves and PAW potentials affords good basis set convergence. Table 4 compares their PBE adsorption energies with our own for six different adsorption configurations. These configurations include, in addition to the DAT and TB structures, two variants of the TB structure (labeled TB2 and TB3) and two variants of the BF structure (labeled BF1 and BF2) that differ primarily in the position of the nitrogen atom. As the data in Table 4 show, the adsorption energies are in very good agreement, with the largest difference being 0.08 eV for the TB3 configuration. The predicted adsorption energies of the DAT and TB configurations differ by 0.03 and 0.04 eV, respectively. These differences are entirely consistent with the residual basis set and cluster size errors that we have established above for our approach.
For benzene, we can compare our results with those reported by Kim et al. 27 who also carefully controlled their calculations for basis set and surface size effects. Using a (2 × 4) slab model and a large atom-centered basis set, they report PBE adsorption energies of −0.92 and −1.01 eV for the BF and TB configuration, respectively, which is in excellent agreement with our PBE results of −0.88 and −1.03 eV. Kim et al. also use a series of cluster models, the largest of which delivers adsorption energies of −0.95 eV for the BF configuration, and −1.13 eV for the TB configuration. The differences between our results and those of Kim et al. 27 are again consistent with the residual errors of our approach.
With the accuracy of our computational approach firmly established, we can now direct our attention to the principal a The vibrational contribution to the reaction free energy is calculated at 298 and 0 K for the benzene BF → TB and pyridine DAT → TB reactions. The vibrational contribution to the adsorption energy is calculated for the TB configuration using 0 K free energies as per eq 4. All energies are reported in units of eV. The Journal of Physical Chemistry C Article approximation of DFTthe exchange-correlation functional and explore its effect of the benzene/Si(001) and pyridine/ Si(001) reaction system. II.C. Exchange-Correlation Functionals. The 20 density functionals considered in this work are set out in Table 5 and grouped together into five major classes, namely, the local density approximation (LDA), the generalized gradient approximation (GGA), Hartree−Fock theory (HF), global hybrids (GHs), and range-separated hybrids (RSHs).
The LDA is represented by the SVWN functional combining Slater exchange 53 and Volko−Wilk−Nusair correlation. 54 For the GGA we consider the popular PW91 55 and PBE 56 functionals. To this we add three augmented GGA functionals, namely, the M06-L, 62 M11-L, 57 meta-GGA functionals, that utilize the kinetic energy density and the Grimme B97-D functional, 58 which features an empirical atom-pairwise dispersion term.
Global hybrid (GH) functionals contain a percentage contribution of nonlocal exact exchange and are represented here by the popular B3LYP functional. 59, 60 Added to this class are two meta global hybrids, namely, M06-2X 65 and M06-HF, 66 which include kinetic-energy-density terms. Hartree−Fock theory (HF), i.e., 100% exact exchange and no correlation, is included in our set of functionals as a separate class. Range-separated hybrid (RSH) density functionals taper the exact-exchange contribution between a long-range (LR) and a short-range (SR) limit using an error function. From this class we include the HSE06, 67 CAM-B3LYP, 68 LC-PW91, 69 LC-ωPBE, 70−72 ωB97, 63 and ωB98X 63 functionals in our set. The large number of representatives in this class arises from the rather different emphases placed on long-range and short-range exact exchange in the design of these functionals. At one end we have the HSE06 functional 67 which is a short-range-only exact-exchange functional (i.e., the long-range part is set to zero). Exact exchange that is limited to the short range is also often referred to as screened exchange. At the opposite end are the LC-PW91, LC-ωPBE, and ωB97 functionals, which only contain long-range exact exchange, and the short-range part is zero. Nonzero amounts of short-range and long-range exact exchange are combined by the CAM-B3LYP and ωB97X functionals, which differ primarily in the relative weight given to these two parts.
Further added to our set of RSH functionals are the ωB98X-D, 64 M11, 61 MN12-SX, 73 and HISS 74 functionals, which all contain additional terms. The ωB98X-D functional combines short-range and long-range exact exchange with an empirical dispersion term. 64 The M11 and MN12-SX functionals are also of the RSH-type and are augmented by "meta-" kinetic-energydensity terms. 61, 73 Lastly, the HISS functional 74 is rangeseparated into three ranges, namely, short-range, middle-range, and long-range. Only middle-range exact exchange is utilized in the HISS functional which means that exact exchange is tapered to zero at the short-range and long-range limits. Table 5 summarizes for our set of functionals the applicable short-, middle-, and long-range exact-exchange scale factors, c i , as percentages. Also given in the table is the range-separating parameter ω i which determines the boundary between short and long range.
Not considered here because of prohibitive computational cost or unavailability within the Gaussian 09 software are several types of advanced approaches affording a more rigorous treatment of electron correlation effects. This includes advanced van der Waals functionals, 75, 76 double-hybrid functionals, 77 variants of the random-phase approximation, 78, 79 and more traditional ab initio correlation methods.
III. RESULTS AND DISCUSSION
III.A. Reaction Energies. In STM experiments [8] [9] [10] 36 conducted at room temperature and low coverage, benzene and pyridine adsorbates are observed to gradually convert from a precursor configuration (BF and DAT, respectively) into a TB configuration. These observations strongly suggest that the TB configuration is thermodynamically preferred over the precursor configuration; i.e., the free energy of reaction at room temperature, Δ R G 298 K , is negative. Quantitative estimates of Δ R G 298 K can be obtained by comparing the relative rate of forward and back reaction in STM image sequences. For benzene, Lopinski et al. 8 report a forward reaction (i.e., BF → TB) with an activation energy that is 0.04 eV smaller than that of back reaction (TB → BF). However, the authors of ref 8 note that the back reaction appears to be activated by the STM tip. This implies that −0.04 eV should be considered an upper bound for Δ R G 298 K in the absence of a tip. Consistent with this conclusion is the work of Borovsky, Krueger, and Ganz, 10 who derive an energy difference of −0.14 eV from the ratio of BF and TB species counted in a sample that was thermally equilibrated at 350 K. In light of these two results, we will be using here an experimental comparison value of Δ R G 298 K = −0.1 eV and conservatively allow for an error of ±0.1 eV. We note here in passing that a more positive reaction free energy range of −0.023 to +0.049 ). Multiple values for c i and ω i are ordered from short-range first to long-range last.
The Journal of Physical Chemistry C Article eV has been reported by Nisbet et al. 23 on the basis of photoelectron diffraction experiments. This range however was determined for a saturation coverage of benzene on Si(001) and is therefore affected by steric and kinetic constraints, as indeed the authors acknowledge. 23 For pyridine, we are not aware of any experimental reaction energies obtained via STM-based means. There are however circumstantial clues to suggest that the pyridine DAT → TB reaction energy is very similar to the benzene BF → TB reaction energy. First, Δ R G 298 K for pyridine is negative as noted above. Second, there is near complete agreement across our set of DFT functionals (see below) that the reaction free energy for pyridine is slightly larger (i.e., less negative) than that of benzene. These two observations effectively create constraints on Δ R G 298 K . All considered, we believe Δ R G 298 K = −0.1 ± 0.1 eV should also be used as the experimental comparison value for pyridine. Figure 3 shows for our set of density functionals the calculated free energies of reaction at room temperature for benzene (blue lines; BF → TB reaction) and pyridine (red lines; DAT → TB). It is immediately evident that even simple qualitative agreement with experiment, namely, a negative Δ R G 298 K for both molecules, is not satisfied for a majority of the DFT functionals considered here. Furthermore, the calculated Δ R G 298 K are ranged from −0.73 to +0.16 eV for benzene and from −1.05 to +0.81 eV for pyridine depending on the DFT functional used. These are massive spreads of 0.9 and 1.9 eV, which highlight just how sensitive these two reaction systems are to the choice of functional.
The LDA in the form of the SVWN functional predicts a negative Δ R G 298 K for benzene and pyridine and hence a preference for the TB configuration as observed in experiment. For benzene our free energy result of −0.37 eV is in excellent agreement with the earlier LDA results of Silvestrelli et al., 14 who report an energy difference of −0.45 eV. In fact, much of the numerical difference is due to the vibrational free energy that is only included in our result. For pyridine, our result of Δ R G 298 K = −0.30 eV is in qualitative agreement with the LDA results of Hong et al., 34 who report the TB configuration to be 0.96 eV more stable than the DAT configuration. In comparison to the experimental consensus value of −0.1 ± 0.1 eV for both molecules, our LDA predictions are a significant underestimate.
Collectively, our GGA reaction free energies are larger (less negative) than those obtained by the LDA. For benzene, the popular PBE and PW91 functionals correctly predict Δ R G 298 K to be slightly negative (−0.08 eV for both) which is in very good agreement with the experimental value. In contrast, for pyridine we find a significantly positive reaction free energy of +0.41 and +0.42 eV for PW91 and PBE, respectively. This is a very considerable overestimate of at least 0.4 eV of the experimental result. As noted above, our PBE results for pyridine are in excellent agreement with the slab-model results of Ng, Liu, and Liu, 41 who report a reaction energy of +0.29 eV without vibrational corrections (our result without these corrections is +0.28 eV). The inclusion of dispersion corrections to the GGA with the B97-D functional raises the predicted reaction energies slightly to just barely negative (−0.02 eV) for benzene and even more positive (+0.47 eV) for pyridine. Thus, dispersion corrections do not lead to an improved agreement with experiment in this case. With kinetic energy terms added to the GGA in the M06-L and M11-L functionals, the predicted reaction energies for both benzene and pyridine are positive and in qualitative disagreement with experiment.
The inclusion of exact exchange produces a very mixed bag of results for the global and range-separated hybrid functionals. Pure exact exchange and zero correlation in Hartree−Fock theory deliver a reaction energy that is moderately positive for benzene (+0.10 eV) and massively positive for pyridine (+0.81 eV). The popular B3LYP functional, combining exact exchange scaled to 20% with GGA exchange correlation, performs not much better, with predicted reaction energies of +0.05 and +0.70 eV for benzene and pyridine, respectively. The other two global hybrids in our set are the M06-2X and the M06-HF functionals, which in comparison to the B3LYP functional contain a larger amount of exact exchange (54% and 100%, respectively) and additional kinetic-energy-density terms. This results in some improvements: for the M06-2X, the reaction free energies for benzene and pyridine are still positive (+0.05 and +0.30, respectively) but no longer as dramatically as in the case of Hartree−Fock theory and the B3LYP functional. The M06-HF functional contains full (100%) exact exchange and performs even better (benzene −0.04 eV and pyridine +0.11 eV) in that the correct negative sign is recovered for benzene but not for pyridine. Arguably, the M06-HF functional also performs better than the GGA functionals, delivering comparable energies for benzene and significantly less positive reaction energies for pyridine.
The range-separated, short-range-only HSE06 functional produces results that are comparable to those of the GGA functionals, namely, a negative reaction energy for benzene (−0.15 eV) and a moderately positive reaction energy for pyridine (+0.25 eV). A very similar result (−0.17 and +0.23 eV) is delivered by the CAM-B3LYP functional. Notably, this result is very much improved on that of the B3LYP functional, from which the CAM-B3LYP functional is derived. In comparison to the B3LYP, the principal change introduced by the CAM-B3LYP functional is a much increased amount of long-range exact exchange (scale factor raised from 20% to 65%). Collectively, these results indicate that a sufficient amount of long-range exact exchange is required to bring the reaction free energies to less positive, more negative values and, hence, better qualitative agreement with experiment. In Figure 3 . Calculated Gibbs free energies of reaction at room temperature, Δ R G 298 K , for the benzene butterfly to tight-bridge (BF → TB) and the pyridine dative to tight-bridge (DAT → TB) reaction as obtained using 20 different exchange-correlation functionals (cf. Table 5 ). The experimental comparison value for both molecules of −0.1 eV (±0.1 eV; see text) is indicated using a dashed horizontal line.
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The hypothesis that long-range exact exchange is important is further explored using three functionals that contain full (i.e., 100%) long-range and no (i.e., 0%) short-range exact exchange. The LC-PW91 (−0.79 and −1.21 eV), LC-ωPBE (−0.62 and −0.76 eV), and ωB97 functionals (−0.32 and −0.19 eV) deliver reaction energies that are negative for both molecules and underestimates of the experimental consensus value of −0.1 ± 0.1 eV. In the case of the LC-PW91 and LC-ωPBE functionals, these underestimates are quite severe at more than 0.4 eV, whereas the ωB97 underestimate of approximately 0.2 eV is moderate and roughly comparable to that of the SVWN LDA functional. Additionally, the LC-PW91 and LC-ωPBE functionals are the only functionals in our set that predict the reaction energy of pyridine to be more negative than that of benzene. All three functionals share the same basic design and differ primarily in the training data set used to parametrize them. Here, the much more severe underestimate of the reaction energy by two LC functionals is probably due to the fact that these functionals were parametrized with a focus on charge-transfer effects. In contrast, the ωB97 functional was parametrized against a much more balanced training set that also includes thermochemistry data, barrier heights, and noncovalent interactions. 63 It is thus not surprising that the ωB97 functional delivers better reaction energies.
The ωB97X and ωB97X-D functionals are derived from the ωB97 functional by including fractional short-range exact exchange in both functionals and also empirical dispersion in the latter. These additions result in somewhat improved reaction energies over those of the ωB97 functional. For the ωB97X functional the predictions are −0.24 eV for benzene and −0.01 eV for pyridine, and for the ωB97X-D functional the reaction energies are −0.22 and −0.01 eV. For both functionals, the reaction energies are negative which is in qualitative agreement with experiment, if only barely so in the case of pyridine. The benzene results are still a small underestimate of the experimental consensus value, while the pyridine results are likely to be a small overestimate. That said, the reaction free energies predicted by the ωB97X and ωB97X-D functionals are among the best from our set of 20 functionals.
The M11 functional, like the ωB97X functional, combines a fraction of short-range exact exchange with full long-range exact exchange. In contrast to the ωB97X functional, however, the short-range scale factor of the M11 functional is significantly larger (47% vs 28% in ωB97X), and there are additional kinetic-energy-density terms. The effect of these changes relative to the ωB97X is a clear shift of the reaction free energies to larger (i.e., more positive) values, namely, −0.05 eV for benzene and +0.18 eV for pyridine, and, hence, a significantly poorer result in comparison to experiment. Notably, the reaction free energy for pyridine is positive again, which is qualitatively incorrect. The same applies to the MN12-SX functional, which may be thought of as derived from the HSE06 functional by the inclusion of kinetic energy density terms. For benzene, the reaction energy is slightly negative (−0.02 eV), and for pyridine a positive reaction energy of +0.20 eV is predicted. In comparison to the HSE06 functional, the inclusion of kinetic energy terms in the MN12-SX functional appears to increase the reaction energy for benzene and slightly decrease the reaction energy for pyridine.
With the three-range HISS functional the focus is on medium-range exact exchange, with both short-and long-range exact exchange scaled to 0%. The predicted reaction free energies are −0.28 and −0.05 eV for benzene and pyridine, respectively. Hence, the HISS functional delivers reaction energies that are qualitatively correct and comparable to those obtained with the ωB97X and ωB97X-D functionals. The pyridine prediction in particular appears to be in excellent agreement with experiment, while the benzene result is probably a moderate underestimate. While certainly not perfect in comparison to the experimental consensus value of −0.1 ± 0.1 eV for both molecules, the HISS, ωB97X, and ωB97X-D functionals deliver the best predictions for Δ R G 298 K in this very challenging reaction system. III.B. Adsorption Energies. Adsorption energies provide another measure by which we can test the performance of our set of 20 density functionals. Our comparison with experiment draws on temperature-programmed desorption (TPD) experiments, 5, 11, 12, 22, 33 where again we focus on data reported for low adsorbate coverages. From the reported peak desorption temperatures approximate adsorption energies can be estimated using the Redhead equation, 82 which is dependent on the experimental heating rate and an Arrhenius prefactor. The prefactor is often assumed to be 10 13 s
; however, a value of 10 12 s −1 should be considered equally plausible. What we have done here is to convert peak temperatures to activation energies using an intermediate prefactor of 10 12.5 s −1 and conservatively admit an uncertainty of ±0.1 eV for the activation energies. This uncertainty is equivalent to a prefactor uncertainty of 2 orders of magnitude, i.e., prefactors in the range from 10 11.5 to 10 13.5 s −1 . For benzene on Si(001), Taguchi et al. 5 report a peak temperature of 500 K for a low coverage of 0.002 monolayers (ML) and a heating rate of 4 K/s. At higher coverage (>0.01 ML), an additional desorption peak appears at 460 K, and the 500 K peak is shifted to 505 K, which presumably reflects the closer packing of adsorbates. 5 In later work, Gokhale et al.
11
report a peak temperature of 501 at 5 K/s for a below monolayer adsorbate dose. Kong et al. 12 also report TPD experiments but only state that their experiments confirm the 505 and 460 K desorption peaks found by Taguchi et al. 5 Lastly, Naydenov et al. 22 report for their lowest-coverage sample (0.2 ML) a 500 K peak at a heating rate of 5 K/s. These peak temperatures correspond to an adsorption energy of −1.3 eV for a prefactor of 10 12.5 s
, and hence, we will be using E ads = −1.3 ± 0.1 eV for benzene to compare with our DFT calculations. For pyridine, we are aware of only one TPD study, namely, the work of Li and Leung. 33 For an adsorbate exposure below 0.25 L they report a single desorption peak at 520 K for a heating rate of 2 K/s. This translates to an adsorption energy of −1.4 eV, and hence, our experimental comparison value for pyridine will be E ads = −1.4 ± 0.1 eV.
Adsorption energies calculated using the 20 density functionals are compared in Figure 4 . Shown in this figure is the adsorption energy of the TB configuration, which is the configuration from which the thermal desorption process commences, as per Figure 2 . Overall, the data in Figure 4 show that the benzene and pyridine adsorption energies closely track one another with adsorption energy differences ranging from 0.02 to 0.26 eV. We also find that pyridine is more strongly bonded to the surface than benzene, which is consistent with the higher peak desorption temperature of pyridine in experiment. The only exception here is the ωB97 functional, which predicts the pyridine adsorption energy to be slightly (0.03 eV) less negative than that of benzene. There is also
The Journal of Physical Chemistry C Article evidence again that there is a very considerable spread in the results obtained by different functionals. The predicted adsorption energies are ranged from −3.21 eV (pyridine with LC-PW91) to −0.53 eV (benzene with B3LYP). These are very significant over-and underestimates of the experimental value by a factor of more than two.
Looking now at individual functionals in Figure 4 , we see that several achieve excellent agreement with the experimental consensus values (dashed horizontal lines in Figure 4) . The B97-D functional (benzene −1.24 eV and pyridine −1.36 eV), the M11-L functional (−1.20 and −1.33 eV), the HSE06 functional (−1.27 and −1.39 eV), and the CAM-B3LYP functional (−1.28 and −1.44 eV) all predict adsorption energies that are within the stipulated uncertainty of ±0.1 eV of the experimental consensus (−1.3 and −1.4 eV). Interestingly, these four functionals all belong to different classes, namely, GGA with dispersion (B97-D), meta-GGA (M11-L), RSH with short-range-only exact exchange (HSE06), and RSH with both short-and long-range exact exchange (CAM-B3LYP). This illustrates that accurate adsorption energies are multifactorially dependent on a variety of functional terms.
The LDA SVWN functional is seen to significantly underestimate adsorption energies and, hence, overestimate the strength of the adsorbate binding to the surface. The two pure GGA functionals, PW91 and PBE, perform much better, with both being moderate overestimates. The PW91 functional, for example, predicts adsorption energies of −1.01 and −1.19 eV for benzene and pyridine, respectively, which are approximately 0.2 eV less negative than the corresponding experimental values of −1.25 and −1.35 eV. The inclusion of empirical dispersion corrections to the GGA in the form of the B97-D functional is seen to lower the adsorption energy by 0.2 eV and thereby achieves almost spot-on agreement with experiment as highlighted above. The addition of kineticenergy-density terms to the GGA also results in changes to the adsorption energy; however, these changes go in both directions. The M11-L functional is seen to lower the adsorption energy by approximately 0.2 eV relative to PW91 and PBE, leading again to good agreement with experiment with predictions of −1.20 for benzene and −1.33 eV for pyridine. In contrast, the M06-L functional predicts an increased adsorption energy and, hence, delivers a more severe overestimate (benzene −0.84 and pyridine −1.06 eV).
The inclusion of exact exchange into the functionals of the HF, GH, and RSH classes gives rise to both considerable overand underestimates of the adsorption energy. Hartree−Fock theory (HF; −0.70 and −0.74 eV) is a substantial overestimate, as is the popular B3LYP functional (−0.53 and −0.72 eV). Relative to the B3LYP, the other two global hybrids, M06-2X and M06-HF, include kinetic-energy-density terms and a progressively larger amount of exact exchange (54% and 100%, respectively, versus 20% in B3LYP). This is seen to drastically lower the adsorption energy from an overestimate with B3LYP to a modest underestimate with M06-2X (−1.36 and −1.52 eV) and a severe underestimation with M06-HF (−1.95 and −2.08 eV).
In the range-separated HSE06 functional, a moderate amount (25%) of exact exchange is confined to the short range. The predicted adsorption energies of −1.27 and −1.39 eV for benzene and pyridine, respectively, are in excellent agreement with experiment. Quite good agreement (−1.28 and −1.44 eV) is also achieved by the CAM-B3LYP functional, which combines a smaller amount (19%) of short-range exact exchange with a significant amount (65%) of long-range exact exchange. Pure 100% long-range exact exchange and 0% for the short-range in the LC-PW91, LC-ωPBE, and functionals result in massive underestimates of the adsorption energy, with predictions of −3.10, −2.46, and −2.15 eV, respectively, for benzene, and −3.20, −2.50, and −2.12 eV for pyridine. As was the case for the reaction energies, the moderately better results obtained with the ωB97 functional are probably due to the more diverse training set that underpins this functional. Collectively, the hybrid and range-separated results discussed so far suggest that a moderate amount of either short-range or long-range exact exchange, or both, can lead to adsorption energies that are improved relative to the pure GGA functionals. However, too much exact exchange, especially in the long-range part, is clearly associated with severe underestimations of the adsorption energy.
The ωB97X functional includes a finite amount (16%) of short-range exact exchange, in addition to the 100% long-range exact exchange. Relative to the long-range only ωB97 functional, the predicted adsorption energies (benzene −1.83 and pyridine −1.86 eV) are slightly improved but remain severe underestimates of the experimental values by more than 0.5 eV. We are inclined to be believe that this shift to less negative adsorption energies is not so much due to the addition of shortrange exact exchange per se, because from the HSE06 functional we expect a small amount of short-range exact exchange to shift adsorption energies to more negative values. Instead, we note that there is a shift of the range-separation parameter ω from 0.4 bohr −1 in the ωB97 functional to 0.3 bohr −1 in the ωB97X functional. The effect of this change in ω to smaller values is to shift the boundary between short range and long range outward (i.e., further toward the long-range limit). This reduces the region that experiences the full 100% long-range exact exchange, and hence, there is overall less long-range exact exchange in the ωB97X functional and, consequently, less of an underestimate of the adsorption energy. The ωB97X-D functional is a variant of the ωB97X that adds empirical dispersion. The effect here is a small reduction of the predicted adsorption energy to −1.91 and −1.94 eV for benzene and pyridine, respectively. The Journal of Physical Chemistry C Article Additional kinetic-energy-density terms are included in the M11 and MN12-SX functionals. In terms of exact exchange, the M11 functional contains both a finite amount of short-range and full 100% long-range exact exchange and is thus comparable to the ωB97X functional. The predicted adsorption energies of −1.76 eV for benzene and −1.84 eV for pyridine are very similar to the results obtained with the ωB97X functional, and therefore, the inclusion of the kinetic energy density does not appear to have a significant effect here. As in the case of the ωB97X functional, the predicted adsorption energies of the M11 functional are severe underestimates. The MN12-SX functional uses the same short-range-only exact exchange term as the HSE06 functional but includes kinetic-energy-density terms. The calculated adsorption energies are −1.34 and −1.53 eV for benzene and pyridine, respectively, which are moderate underestimates of the experimental values of −1.3 ± 0.1 and −1.4 ± 0.1 eV. While this is one of the better predictions of the adsorption energy from the RSH class of functionals, the predictions of the HSE06 functional are clearly superior against experiment. Therefore, the inclusion of kinetic-energy-density terms in the MN12-SX appears to be detrimental in this case.
The HISS functional with exact exchange only in the medium range predicts adsorption energies of −1.76 eV for benzene and −1.88 eV for pyridine. These are again severe underestimates of the adsorption energy, comparable to those of the M11 and ωB97X functionals.
The correlation between calculated reaction free energies, Δ R G 298 K , and TB adsorption energies, E ads , is further explored in Figure 5 . Here, the data pairs as calculated by different functionals for benzene [ Figure 5 (a)] and pyridine [ Figure  5 (b)] are seen to be confined to a relatively narrow band with a linear dependence. Less negative adsorption energies are closely associated with more positive reaction free energies. In contrast, more negative reaction free energies are associated with more negative adsorption energies. Here it is interesting to observe that the narrow band for benzene passes though the intersection of the experimental comparison values (dashed lines), whereas the narrow band of pyridine results does not. The reaction free energies plotted in Figure 5 are normalized by the number, ΔN B , of molecule−surface bonds formed in the reaction (three for pyridine and two for benzene). With this normalization included, the associations between the reaction and adsorption energies for benzene and pyridine are found to have a very similar slope. This implies that the association between E ads and Δ R G 298 K has a significant dependence on the number of molecule−surface bonds.
That such a bond-number-dependent association should exist is plausible. Both molecular adsorption and the BF/DAT → TB reaction are processes that result in the formation of covalent bonds between the adsorbate and the surface. Hence, density functionals that produce more negative adsorption energies (i.e., form stronger molecule−surface bonds) would plausibly be expected to favor the configuration with a larger number of molecule−surface bonds (i.e., the TB configuration) and, hence, a more negative reaction free energy.
The dependence on the number of molecule−surface bonds is further explored by Figure 6(a) , where we compare the adsorption energies of the DAT and TB configurations for pyridine. Looking at the general "ups" and "downs" of the The Journal of Physical Chemistry C Article adsorption energy from one functional to the next, we see that the two configurations track one another in a qualitative sense; i.e., an increase or decrease of the adsorption energy in one configuration is typically matched by a corresponding change in the other configuration. However, a stark point of difference between the DAT and TB configurations is the range of predicted adsorption energies. This range, understood here as the difference between the largest and smallest adsorption energy predicted by our set of functionals, is significantly wider for the TB configuration, covering 2.49 eV versus a range of 0.83 eV for the DAT configuration. For benzene [not shown in Figure 6(a) ], the range of predictions is 1.77 eV for the BF configuration and 2.56 eV for the TB configuration.
As illustrated by Figure 6 (b), these ranges closely correlate with the number of molecule−surface covalent bonds (one for DAT, two for BF, and four for TB) in amounts of over 0.6 eV per bond. This very large value primarily represents the extremes from our set of 20 functionals. If we focus on a subset of four functionals that are in common use, namely, PW91, PBE, B3LYP, and HSE06, the range of predictions is narrower [see Figure 6 )(c)] but still amounts to a very significant 0.2 eV per molecule−surface bond.
The range of predictions reflects the uncertainty associated with the choice of exchange-correlation functional. Key to understanding the great variation in the calculated reaction energies for benzene and pyridine is the fact that these uncertainties are to a considerable degree systematic errors that scale with the number of molecule−surface bonds. Figure 7 provides a semiquantitive illustration of the effect of such systematic bond-number-dependent uncertainties. Shown as a reference using black lines are the experimental adsorption energies relevant to the pyridine DAT → TB and benzene BF → TB reactions, with the initial and final configurations differing by the consensus experimental reaction free energy of −0.1 eV. Red color lines in Figure 7 show what happens when these adsorption energies are affected by a bond-dependent error (BDE) that scales with the number of molecule surface bonds. For the BDE itself, we have used in Figure 7 a conservatively chosen value of ±0.1 eV per molecule−surface bond to represents the "narrow" 0.2 eV range we found for the subset of commonly used functionals. We keep in mind though that a larger BDE might well be more appropriate, given the wider 0.6 eV range per bond found for the full set of 20 functionals. Figure 7 (a) illustrates how this model plays out for the pyridine DAT → TB reaction. Here we see that the relatively narrow range around the DAT configuration of ±1 × BDE becomes very much larger for the TB configuration (±4 × BDE) due to the fact that the TB configuration has four times as many molecule−surface bonds as the DAT configuration. The effect on the calculated reaction energy is nearly as large because here the BDE is multiplied by three, which is the change in the number of molecule−surface surface bonds, ΔN B . In our model, the reaction free energy is written as follows
When we substitute numbers for Δ R G expt , ΔN B , and the BDE into this semiquantitive model, we obtain reaction free energies in the range from −0.4 eV to +0.2 eV. This already illustrates how even a conservatively chosen BDE creates ambiguities in the sign of the reaction free energy, just as found in our DFT results (Figure 3 ). For the benzene BF → TB reaction [ Figure  7 (b)], the effect is similar, if slightly less pronounced. In this reaction, the change in the number of bonds is two, instead of three. Reaction free energies for benzene in this model range from −0.3 to +0.1 eV, which also reveals the potential for ambiguity in the predicted sign. Furthermore, this analysis makes quite obvious the reasons why these ambiguities arise: the experimental reaction free energy, which is the free energy that we would like to obtain with DFT, is small in comparison to the BDE multiplied by the number of molecule−surface bonds formed during the reaction. Hence, the reaction free energies that we obtain by DFT are predominantly a reflection of the BDE, in which the true reaction free energy is effectively lost.
III.C. Activation Energies. In this section we consider the performance of our set of 20 density functionals in predicting a single activation energy, namely, the rate-determining barrier of the benzene BF → TB reaction. This reaction proceeds via a single transition state between the BF and TB configurations, and hence, the DFT energy of the transition state (relative to BF) can be directly related to the observed rate of reaction in STM experiments. In contrast, the pyridine DAT → TB transition is a two-step process, 35, 44 which means the rate of reaction is dependent on the energies of three transient structures along the path, namely, two transition states and one metastable intermediate. This complicates the pyridine reaction and renders it less instructive for our purpose of evaluating functional performance. Accordingly, our discussion here focuses on the benzene reaction only.
Experimental estimates of the activation energy have been obtained from STM imaging experiments 8, 10 at room temperature in which the number of observed BF → TB transitions within a given time interval is counted. This count corresponds to the rate of reaction which in turn can be converted to an activation energy using the Arrhenius equation. The Journal of Physical Chemistry C Article s −1 instead of the 10 13 s −1 frequency assumed in refs 8 and 10 lowers the experimental E A by only 0.02 eV. We believe this small correction is unlikely to be significant as an absolute correction of E A and is better regarded as a part of the intrinsic error of a measured E A . Accordingly, an activation energy of 0.95 ± 0.05 eV is used here as our experimental comparison value.
Calculated activation energies using our set of 20 exchangecorrelation functionals are shown in Figure 8 together with a dashed horizontal line that indicates the experimental comparison value of 0.95 eV. The results are ranged from E A = 0.61 eV (the SVWN LDA functional) to 1.73 eV (Hartree− Fock), and so we have once more a very considerable variation depending on the type of functional used. The best agreement with experiment is achieved by the HSE06 functional (E A = 1.00 eV) and the M11-L functional (1.02 eV). The third best result is achieved by the B3LYP functional with a predicted activation energy of 1.08 eV. The B3LYP result however is already a fairly significant overestimate, keeping in mind that an 0.1 eV overestimate of an activation energy corresponds to an underestimate of the Arrhenius reaction rate at room temperature by a factor of approximately 50. All the other functionals in our set deliver either severe overestimates or severe underestimates, deviating from the experimental consensus value by more than 0.15 eV. This type of error would affect the predicted rate of reaction by a factor of more than 300.
The activation energy of 0.61 eV predicted by the SVWN LDA functional is a severe underestimate. The two pure GGA functionals PW91 and PBE perform better but remain moderate underestimates with activation energies of 0.77 and 0.78 eV, respectively. Almost the same activation energy (0.76 eV) is found for the dispersion-corrected B97-D functional, so the combination of the GGA with empirical dispersion does not deliver any significant improvements. In contrast, the combination with kinetic-energy-density terms appears to result in a significant increase of the calculated activation energies as evidenced by the two Minnesota meta-GGAs, M06-L and M11-L. In the case of the M06-L functional, this increase is found to be an overcorrection as the predicted activation energy of 1.20 eV is a severe overestimate. The more recent M11-L functional appears to get the balance right, with a predicted E A of 1.02 eV.
As noted above, the M11-L functional delivers one of the best matches with experiment from our set of density functionals.
Functionals that include exact-exchange terms are seen to produce significant overestimates in almost all instances. This is most evident for the Hartree−Fock result, which predicts an activation energy of 1.73 eV, the highest barrier in our set. The three global hybrids are all overestimates that range from moderate (B3LYP: 1.08 eV; M06-HF: 1.13 eV) to severe (M06-2X: 1.25 eV). From the range-separated hybrid functionals, only the HSE06 delivers an activation energy (1.00 eV) in good agreement with experiment. It appears significant here that the HSE06 is a short-range-only exact-exchange functional; i.e., the long-range component is scaled to zero (cf. Table 5 ). All the range-separated functionals with long-range exact exchange (CAM-B3LYP, LC-PW91, LC-ωPBE, ωB97, ωB97X, ωB97X, and M11) perform quite poorly with activation energies that are severe overestimates of at least 0.3 eV. This suggests that the long-range exact-exchange component is the primary cause for the overestimate of E A in these functionals.
The MN12-SX and HISS functionals, like the HSE06, have zero long-range exact exchange and are seen to perform somewhat better with predicted activation energies of 1.15 and 1.11 eV, respectively. These however are still overestimates of the experimental consensus value (0.95 eV). The MN12-SX differs from the HSE06 primarily in the inclusion of additional kinetic-energy-density terms, which appears to have a detrimental effect in this case because the good agreement achieved by the HSE06 functional (E A = 1.00 eV) is lost with the MN12-SX functional. In fact, the increase in the activation energy similar to that seen here with the inclusion of kineticenergy-density terms is similar to the trend seen for the GGA functionals with and without the terms (see above, e.g., M06-L and M11-L versus PBE).
The HISS functional confines exact exchange to the medium range only, with both short-range and long-range components scaled to zero. This results in a predicted activation energy of 1.11 eV which is again an overestimate of the experimental value. Hence, the shift from short-range exchange in the HSE06 functional to medium-range exchange with the HISS functional also appears to be detrimental to the calculation of activation energies in this case.
Overall, we find that LDA and GGA functionals underestimate the activation energy, whereas functionals that include some form of exact exchange generally lead to an overestimate. The inclusion of "meta-" kinetic energy density corrections is seen to increase the predicted activation energy relative to functionals that do not include such corrections. This suggests that such meta-corrections can lead to improved activation energies for LDA and GGA functionals but would be detrimental as an addition to the exact-exchange functionals.
Possibly related to the difficulty of calculating activation energies is a separate pathology that afflicts four of the functionals in our set, namely, B3LYP, M06-L, HF, and CAM-B3LYP. In these four cases, the adsorption energy of the transition state is predicted to be positive and thus less stable than the desorption limit. This would imply that desorption of molecular benzene is kinetically favored over the BF → TB transformation, which is in conflict with STM observations where only a very few instances of benzene desorption are seen. 8, 9 For the B3LYP functional, the calculated energy of the transition state is +0.55 eV. For the M06-L and CAM-B3LYP functionals the transition state energies are +0.27 eV and +0.21 Table  5 ). The experimental consensus value of E A = 0.95 eV (see text) is indicated using a dashed horizontal line.
The Journal of Physical Chemistry C Article eV, respectively, and in Hartree−Fock theory the transition state is at +0.99 eV. It is instructive to recall that these four functionals all predict activation energies that are overestimates of the experimental value. All but the CAM-B3LYP functional also overestimate the TB adsorption energy and the BF → TB reaction free energy. Figure 9 illustrated how positive transition state energies might come about as a result of bond-dependent errors. Shown in this figure is a schematic potential energy diagram for the benzene BF → TB reaction that is a direct extension of our model in Figure 7 (b) with the transition state now explicitly included. As before, we show in black lines the approximate potential energy diagram as derived from experimental values, which positions the transition state at an energy of approximately −0.25 eV, i.e., just below the dissociation limit. This energy can be derived via a combination of the experimental activation, reaction, and TB adsorption energies. Shown in red lines are the effects of bond-dependent errors that are scaled by the number of molecule−surface bonds. Here we assume that the nominal count of molecule−surface bonds in the transition state is three, i.e., halfway between the number of bonds in the initial and final configurations. Accordingly, the energy of the transition state is affected by an error of ±3 × BDE. That this assumption is plausible is supported by the data in Figure 6(b,c) , which shows that the range of DFT adsorption energy predictions for the transition state (TS) aligns well with those of the other configurations when a bond number of three is assigned. For the BDE itself we use again the conservative value of ±0.1 eV per molecule−surface bond, representing the subset of commonly used functionals. Figure 9 clearly shows that bond-dependent errors can shift the predicted energy of the transition state to above the dissociation limit. This occurs when the BDE shifts are positive, i.e., the type of shift that would also result in an overestimate of the adsorption energy, the reaction energy, and the activation energy. For the most part, these trends agree with our findings for the B3LYP, M06-L, HF, and CAM-B3LYP functionals.
The argument that positive transition state energies are just another manifestation of systematic, molecule−surface bonddependent errors suggests that activation energies should be correlated with adsorption energies in a similar way that reaction free energies were (cf. Figure 5) . Nominally, the BF → TB transition state has one molecule−surface bond more than the initial (BF) configuration, and hence, we would expect a positive correlation: larger, less negative adsorption energies should correspond to larger activation energies.
The extent to which this correlation exists is explored with Figure 10 , where for our 20 density functionals the calculated activation energy for benzene is plotted against the TB adsorption energy [ Figure 10 From the data it is visually apparent that there is no significant correlation between activation energies and adsorption energies or between activation energies and reaction free energies. If we consider the experimental consensus values dividing the plots into sectors, then functionals are found in all four sectors. In the upper-left corner (overestimate of E A and underestimate of E ads and Δ R G 298 K ), we find the functionals with significant long-range exact exchange. The lower-left corner (across-the-board underestimates) contains the local density approximation SVWN functional. The lower-right corner (underestimate of E A and overestimate of E ads and Δ R G 298 K ) contains the GGA functionals, and the upper-right corner (across-the-board overestimates) contains a collection of functionals, namely, the meta-GGA functionals, Hartree−Fock, and, somewhat surprisingly, the B3LYP functional.
The lack of correlation between the data points in Figure 10 reflects the fact that transition states place very different demands on exchange correlation than fully relaxed groundstate structures. Static correlation and delocalization are often cited as factors that gain in importance at the point of bondbreaking or -forming, which leads to significant errors that depend on the type of density functional used. 83 Hence, the position of a data point in Figure 10 indicates the relative ability Figure 9 . Schematic illustration of the bond-dependent error (BDE) for benzene BF → TB reaction, highlighting the effect on the transition state for which we assume a nominal molecule−surface bond count of three (i.e., halfway between that of BF and TB). The energetics is drawn to scale using experimental values for the reaction free energy (−0.1 eV), the TB adsorption energy (−1.3 eV), and the activation energy (0.95 eV). For the BDE we use a conservative value of ±0.1 eV per molecule−surface bond. The Journal of Physical Chemistry C Article of a functional to describe both minimum energy configurations and transition states. Of course, the ability to perform adequately in both regimes is key to the description of chemical reactions. The stipulated correlation between activation and adsorption energies due to BDE effects may very well still exist but is obscured in the data by the variable performance of functionals to describe transition states. Overall, Figure 10 shows that the HSE06 functional clearly gets the balance right for benzene. The agreement with the experimental consensus values is excellent, with predicted Δ R G, E ads , and E A of −0.15, −1.27, and 1.00 eV, respectively, to be compared with the corresponding experimental values of −0.1 ± 0.1, −1.3 ± 0.1, and 0.95 ± 0.05 eV. Visually, the M11-L functional appears to be the second-best performer in Figure 10 purely in terms of "distance" to the intersection of experimental values. The adsorption and activation energies predicted by M11-L are good (−1.20 and 1.02 eV, respectively); however, the reaction energy of +0.06 eV is qualitatively and quantitatively incorrect. Furthermore, Figure 10 focuses only on benzene results, and as we have seen before (e.g., in Figure  5 ), good performance for benzene does not imply good performance for pyridine. In fact, both HSE06 and M11-L perform poorly for pyridine. The predicted adsorption energies for pyridine are very good at −1.39 eV (HSE06) and −1.33 eV (M11-L) versus −1.4 ± 0.1 eV experimentally. However, the predicted reaction free energies are decidedly positive at +0.25 eV (HSE06) and +0.39 (M11-L), whereas they should be negative (−0.1 ± 0.1 eV) according to experiment.
IV. SUMMARY AND CONCLUSIONS
Our calculated reaction, absorption, and activation energies for benzene and pyridine on Si(001) using a broad set of 20 density functionals present a highly conflicting picture. In comparison to experiment, none of the density functionals considered deliver an entirely satisfactory performance. Large variations in the predicted values of 1.9 eV for reaction free energies, 2.6 eV for adsorption energies, and 1.1 eV for activation energies highlight the fact that this reaction system is highly sensitive to the exchange-correlation model used. For the reaction free energies, long-range exact exchange appears to be important to match the experimental observation of TB as the preferred configuration. However, long-range exact exchange resulted in severe overestimates of the activation energies and underestimates of the adsorption energies. In contrast, shortrange exact exchange appeared to result in better adsorption and activation energies, though did not improve the reaction free energies, in particular the TB preference for pyridine. Kinetic-energy-density functionals did not appear to provide consistent improvements.
Of the two molecules, pyridine is clearly the more challenging system on Si(001), given the many functionals that deliver positive reaction free energies for the DAT → TB reaction. Several functionals (e.g., HSE06, PW91, PBE) perform reasonably well for benzene on Si(001) but fail for pyridine. That said, the trends seen across the set of functionals on reaction free energies ( Figure 3 ) and adsorption energies (Figure 4 ) are similar. This suggests that the underlying deficiencies of these functionals in regard to these two properties are the same for both molecules.
Our results also draw attention to the effects of systematic errors that increase with the number of covalent bonds between the adsorbate molecule and the surface. Large variations of the calculated reaction energies are found to be correlated with variations of the adsorption energies (cf. Figure 5 ), which is a direct result of the systematic and bond-number-dependent nature of these errors. Amounting to at least ±0.1 eV per molecule−surface bond, these errors may be deemed tolerable when only single-bond forming/breaking processes are considered. However, for the processes of relevance here, namely, TB adsorption (four molecule−surface bonds formed), pyridine DAT → TB reaction (three bonds formed), and benzene BF → TB reaction (two bonds formed), these errors become very large due to their scaling with the number of molecule−surface bonds. In fact, for numerically small quantities, such as the benzene and pyridine reaction free energies, these bond-dependent errors are considerably larger than the quantity itself. This at least rationalizes the considerable difficulties encountered in making accurate predictions for these properties. In reactions where multiple molecule−surface bonds are formed, small experimental reaction free energies of around −0.1 eV become easily lost in bond-number-dependent errors.
In difficulty, however, lies opportunity. Benzene and pyridine on Si(001) are revealed here as reaction systems in which the deficiencies of exchange-correlation functionals become dramatically amplified. This renders these reactions useful as challenging trial grounds for future developments in density functional theory. Reactions involving adsorbates on surfaces offer chemical environments that can be quite distinct from those represented in conventional training data sets. Moreover, scanning tunneling microscopy provides an excellent means of observing chemical reactions of individual adsorbates and can determine rates of reactions from which quantities such as activation and reaction energies can be derived. Of particular interest for the purpose of DFT functional development would be surface reactions between adsorbate configurations that are in near chemical equilibrium with small reaction free energies and a significant difference in the number of molecule−surface bonds. As in benzene and pyridine on Si(001), such reactions would bring out the strengths and weaknesses of the exchangecorrelation model used. A collection of accurately characterized and independently verified surface reaction systems could provide a new type of reference data set to guide functional development.
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